A quandary as to the role o f storms in initiating harrier island morphological change in the Gulf of St. Lawrence has been posed by recent research. Although major changes are evident from historical documentation, none of the processes responsible has been witnessed since 1970. Detailed calculations of the nearshore wave power climate have been used in conjunction with historical evidence and short term profile measurements between 1970-1978 to resolve this problem in Kouchibouguac Bay, New Brunswick. Although the individual effects of seasonal storms are random along these barrier islands, the additive effects do reflect the overall nearshore wave climate.
IN T R O D U C T IO N
The barrier island systems of the southern Gulf This fact has b e e n substantiated b y recent research on the following:
(1) nearshore processes and m o r p h o l o g y in the T i e s de la M a d a leine (Owens 1975a (Owens ,b, 1977 and Kouchibouguac Bay (Green w o o d and D avidson-Arnott 1972, 1975) ; (2) frontal dune cliff retreat and landward m i g r ation of n e a r shore b o t t o m contours (Kranck 1967 , Bryant 1972 , A r m o n 1975 ; (3) infilling of inlet breaches (Keyes 1975) ; (4) m e a sured longshore growth and landward migration of barriers near inlets (Owens 1974a , A r m o n 1975 , Reinson 1977 , M unroe 1977 ; and (5) theoretical hindca s t i n g of the Kouchibouguac Bay storm wave climate (Hale and Greenwood 1978) . These h igher frequency events are not to be confused with.the regular and sequential passage of h igh and low pressure systems through the Gulf.
Preliminary attempts have b e e n m a d e at relating long term, gross, b a r rier morphological change to the overall wave climate generated within the Gulf (Bryant 1972, A rmon and M cCann 1977) . In this paper, this relationship will be defined in more detail for the Kouchibouguac Bay barrier island system in New Brunswick. First, an offshore wave regime for K o u c hibouguac Bay will be determined using deep-water wave periods, directions and heights reported for the southern Gulf. Second, Present address:
Dunmore Lane College MacQuarie Univer s i t y N orth Ryde, N e w South Wales AUSTRALIA, 2113_______________________________ MA RITIME SEDIMENTS Vol. 14, No. 2, A ugust 1978 pp. 49-6-2 the nearshore wave climate will be established using wave refraction, shoaling and b o t t o m frictional attenuation theory for shallow water. Then relative variations in wave power normal and parallel to shore will be calculated near the b r eaker point for the various components m a king u p this ne arshore wave climate. Finally, correlations of longshore variation in wave power will be evaluated with:
(1) longshore changes in barrier morphology over the last 150 years, and (2) measu r e d dune cliff and ocean b each profile changes since 1970.
T H E KO U C H IB O U G U AC BAY B A R R IE R ISLANDS
The Kouchibouguac b a r rier islands ( Fig. 1) represent one of the b e tter described shoreline segments of the southern Gulf o f St. Lawrence The barriers occupy a low energy, micro-tidal environment (Davies 1964) . The area has a mean tidal range of 0.67 m (Fisheries and Environment Canada, 1978) and a maximum predicted storm-surge range of 1 m. Predominant winds blow offshore from the west and southwest, and effective storm winds blow onshore from the northeast. Because of this pattern the bay is affected by wind-generated waves only 28.3% of the time; however, 37% of these waves are storm generated. The quiescent nature of the bay is further enhanced by the fact that maximum wind speeds tend to occur between the late fall and early spring, a period when the barriers are pre-eminently ice bound (Forward 1954 Historically, a certain degree of sporadic instability characteristic of a higher energy wave regime has taken place (Bryant and McCann 1973) . The most dramatic change, as evidenced from sequential map and air-photograph comparisons, has been the breaching and infilling around the three main inlets. This change has taken place conjunctively with adjacent barrier shoreline and offshore bar migration. Although barrier alteration around Richibucto Inlet can be related to the construction of breakwalls, plan form alterations around Blacklands Gully and Little Gully can be attributed only to the effects of waves. The apparent paradox in long-and short-term barrier stability can be resolved by invoking either a varying wave climate (that is higher magnitude events for the past) or localized, almost random, barrier responses to storm waves of a specific wave period and direction. Although these latter waves may have a random effect on the barrier during any one storm, on a cumulative basis, they may account for all historically recorded changes. The only comprehensive study of wave period frequencies in the southern Gulf was undertaken by Quon et al (1963) for the period 1956-1960 (Table 2 ). The data were calculated using hind'casting procedures and lack directional resolution. Sixty percent of the hindcasted waves have a wave height of less than 1.0 m and a mean period of 4 seconds. Four-second period waves, all totalled, account for 77.87% all waves and 5.0-and 6.0-second period waves account for 12.45% and 7.07% respectively of the total. Davidson-Arnott (1975) in the summer of 1973 measured nearshore wave frequencies within Kouchibouguac Bay which were similar to these latter frequencies (5.0 sec, 10% frequency, 6.0 sec, 5%). Hindcasted wave heights exceeding 2.0 m are relatively scarce (9.62% frequency) and waves with periods greater than 7.0 seconds are infrequent (2.6% frequency).
An overall.wave climate, characteristic of Kouchibouguac Bay rather than the southern Gulf, was obtained by combining Tables 1 and 2 . This wave climate (Table 3) with periods greater than 7.0 second from the north, east-southeast and southeast, and waves with periods greater than 9.0 seconds from the east have been excluded from the data. Also because of fetch restrictions within Northumberland Strait, wave heights greater than 2.0 m from the east-southeast and southeast have been ignored. The most common waves in Kouchibouguac Bay are those from the southeast and north with a 4-second period and height of less than 1.0 m. Unfortunately, as will be shown, these waves do not affect all parts of Kouchibouguac Bay because of wave refraction shadow effects.
DESCRIPTION OF COMPUTER WAVE REFRACTION PROGRAM
The deep-waver wave climate presented in Table  3 is not representative of nearshore wave conditions along the Kouchibouguac barrier islands. Waves with a period greater than 6.0 seconds are strongly refracted over continental-shelf bathymetry in the southern Gulf, and'waves with periods less than 6.0 seconds undergo substantial modification within Kouchibouguac Bay. At present, the most efficient method for delineating wave refraction, shoaling and bottom frictional attentuation effects over inshore bathymetry is by means of computer simulation. A program, written by Dobson (1967) and modified for frictional attenuation of wave energy by Coleman and Wright (1971), was used for this purpose. In the Dobson program, a second degree polynomial is fitted to regularly gridded bathymetry using a least squares algorithm. Calculations in the program are based -upon progressive, linear, gravity wave theory which can be used assuming small wave steepness, constant water depth and a wave period that is a constant -unique function of wave ceJerity and length. In addition, it is assumed that wave diffraction and reflection are non-existent, that wayes are -monochromatic, that wave energy is conserved laterally along the wave crest, that refraction is independent of wave height and that water percolation, bed disturbance and current effects ajee insignificant. The assumption of monochromatic waves is very tenuous given the lower period, "sea" state wave characteristic of the southern Gulf. While the other assumptions also can be challenged ( (1) a controlled offshore bathymetric grid, (2) wave period, (3) height and (4) direction. Wave input consisted of each viable combination of wave direction, period and height given in Table 3 . Two bathymetric grids were used. The first grid (Fig. 2a) (Fig. 2b) . Both refracted waves from the Gulf and smaller period waves generated within the limited fetch of Northumberland Strait were passed across this latter grid at orthogonal spacings of less than 670 m. Xn some cases, areas of crossed orthogonals, caustics, were generated over inshore shoals. Because wave heights in areas of caustics cannot be approximated by linear wave theory, the simulated wave data were checked for extreme refraction effects and then were excluded if refraction coefficients exceeded either 10.0 in offshore waters or 2.0 at the breaker point (limits based upon Mogei et al 1970) . Breaker wave characteristics were calculated along the remaining orthogonals when either waves broke (water depth to wave height ratio was-less than 1.28, Miche 1944) or waves were less than 670 -m from shore.
Nearshore wave characteristics were calculated for 1596 orthogonals representing 96 combinations of wave direction, period and height. The barrier length between Richibucto Head and Lower Sapin was segmented into 64 units, each 0.5 km in length. Data on each orthogonal were references as a linear distance from Richibucto Head and used to characterize wave parameters for these various units of coastline. Each wave parameter then was waghted according to its frequency of occurrence (Table 3) . If the shoreline spacing between wave orthogonals for a specific wave direction, period and height was greater than 5 km, data were excluded from subsequent analysis for the intervening segment of coast. The resulting data matrix could be manipulated to give a mean value for any nearshore wave characteristic for: (1) any specific wave direction, period or height, (2) any combination of these three wave parameters, or (3) the total wave spectrum. This could be done for:
(1) any 0.5-km segment of coastline, (2) any length along the barrier, or (3) the barrier island system as a whole.
RESULTS OF WAVE REFRACTION (a) General
As a general summation of nearshore wave characteristics in the bay, refraction diagrams for 6.0-second waves are presented in Figure 3 for all directions. Refraction of orthogonals tends to be more severe for higher wave periods and less severe for lower periods. The barrier islands north of Richibucto Inlet and south of Little Gully are sheltered from northerly and southeasterly waves respectively. These results are in agreement with field observations under these wave conditions. The barrier island plan form is adjusted best to east-northeast waves. Waves from other directions tend to be concentrated on the barriers north of Richibucto Inlet, adjacent to Blacklands Gully or north of Little Gully. Divergence of wave rays occurs most frequently near the three inlet mouths. These refraction patterns are strongly dependent upon the location of shoal protuberances along the Barriers.
Wave power components normal and parallel to shore were used to characterize the nearshore wave regime of the barriers.
(All wave parameters used in this study are defined mathematically in Table  4 ). The shoreward component of wave power is an important parameter for defining onshore-offshore sediment transport rates to the beach foreshore, swash uprush limits, and locations susceptible Because of the procedures used to locate nearshore data points in the study, longshore variation in wave characteristics may be a function of a longshore variation in nearshore slope rather than offshore -modification of incoming waves. To investigate this possibility, the relative linear dependence of normal and longshore wave power components upon breaker wave height, water depth, angle of wave incidence, and the refraction, shoaling and frictional attenuation was examined further using stepwise regression analysis (Nie et al 1975) . The results of these analyses are presented in Table 5 . Seventynine percent of the variation in the normal component of wave power can be explained solely by breaker wave height. Only 1.5% is explained by water depth and 1.7% by the other co-efficients. The results are similar for longshore wave power with 47.8% of the 'variation in longshore wave power being explained by breaker wave height, 16.6% by the angle of wave incidence, 1.5S by water depth and 1.0% by the other terms. The dependence of waye height upon water depth and the variation of water depth with distance from Richibucto Head also were evaluated. Water depth accounts for less than 1.2% of the variation in wave height and varies randomly with distance along the barrier islands. Implied in these results is the fact that longshore variation in the nearshore wave power terms in this study reflect nearshore modification of the wave climate rather than any systematic change in nearshore slope along the barriers.
(b) Summary of Wave Power Parameters
Summaries of the wave power terms for various wave components of the wave spectrum are presented in Table 6 . Overall, wave power near the breaker point averages 560.9 gmcal/m/sec. Of this total, 76.6% is directed shorewards and 25.4% is directed alongshore. Only 15% of wave power is lost by frictional attenuation of waves passing over the shelf. The highest wave power value (853.7 gmcal/m/ sec) and highest onshore component (691 gmcal/m/sec) both occur with northeast waves; however, the greatest relative onshore component exists with east-northeast waves (18,5%). Because beach plan form adjustment is greatest where longshore transport potential is least (Davies 1960), the Kouchibouguac barrier plan form must be adjusted best to east-northeast waves. Waves from the east to southeast have northward components of longshore wave power, and waves from the north to northeast have southward components. The fact that 42.8% of wave power for southeast waves is directed longshore may indicate that these waves are not as common as implied in Table 3 Table 3 .
RELATIONSHIPS BETWEEN BARRIER MORPHOLOGICAL CHANGE AND WAVE POWER PARAMETERS (a) Long Term
The average longshore variation in the two wave power components and in the residual direction of longshore wave power for the total wave spectrum between Richibucto Head and Lower Sapin is plotted in Figure 4 . Areas of ephemeral washover, major inlet breaches and infilling are superimposed on these trends. Points have also been marked where one wave of a specific direction or period accounts for most of the wave power along the shore. Figure 4 is the fact that onshore wave power components are lowest immediately opposite the three major and permanent inlets of the system. These low values result from divergent wave refraction over relict fluvial channels drowned with the Holocene rise in sea level (Kranck 1972) . The association between areas of low wave power and inlet This latter explanation cannot be invoked to explain the difference between theoretically predicted and observed sediment movement averaged over the bay. In order to clarify this contradiction, longshore variations in the residual components of longshore wave power were examined for each wave direction (Fig. 5) . There is considerable variation in residual wave power vectors with changing wave orientation. Northward components of longshore wave power in the bay are linked exclusively to waves from the east-northeast, east or east-southeast and southward components are associated with waves from the north-northeast or northeast. Because waves from these latter directions have southward residual longshore wave power vectors, then they may occur more frequently than indicated in Table 3 . Because storm waves in Kouchibouguac Bay also originated from northeast, storms may be responsible for generating much of the observed longshore changes in barrier form. Short term changes since 1970 have occurred randomly along the barriers and cannot be linked conclusively to an overall nearshore wave regime. Instead these changes may be determined uniquely by waves of a specific direction and period. Because of this, the significance of one low-frequency storm or series of storm events cannot be ruled out in Kouchibouguac Bay. "Catastrophic" storm events can be invoked for sudden inlet breaching and barrier modification. The occurrence of many such events have an additive effect. Long term barrier island changes are responding to an overall wave climate. A barrier segment may be breached by the catastrophic storm waves only because the shoreline has been eroded repeatedly by previous storms. Some indication of the areas susceptible to barrier plan form change can be obtained from the overall variation in wave power, both normal to, and parallel with shore, throughout Kouchibouguac Bay. Those areas with higher wave power values are more likely to undergo longer lasting modification, but those areas with lower values are more likely to undergo only aperiodic change.
Of note in

DIRECTION
The methodology used in this study should be applicable to other barrier island systems such as the Miramichi and lies de la Madeleine. Only two constraints limit the wider applicability of this methodology to other shorelines in the Gulf of St. Lawrence and Maritime Provinces. The constraints are obvious from the limitations that have been imposed on results in this paper. The type of bathymetric data available in Kouchibouguac Bay precluded detailed simulation of wave orthogonals around inlets and in nearshore areas. Suitable bathymetric coverage of inlets and nearshore shoals in depths of less-than 5 m does not exist for many areas in the Gulf. Nearshore wave-power calculations depend upon accurate bathymetry at these inshore locations. More importantly an accurate wave climatology is needed in the Gulf and Maritimes. Hindcasted statistics, aperiodically collected wave-rrider buoy data or ship observations cannot compensate for directional wave data collected from a stationary wave-rider buoy over a period of 3 or more years. If accurate wave period, height and directional statistics existed, the methodology outlined here could prove very useful for the efficient determination of shoreline processes, morphological change and environmental sensitivity assessments.
